The reactions of O,O-diphenyl Z-S-phenyl phosphorothiolates with X-pyridines have been studied kinetically in acetonitrile at 35.0 o C. The Hammett plots for substituent (Z) variations in the leaving group (log k2 vs. σZ) are biphasic concave downwards with breaks at Z = H. The large magnitudes of ρX (ρnuc), βX (ρnuc), and the cross-interaction constant, ρXZ, suggest frontside nucleophilic attack toward the leaving group. The sign reversal of ρZ from positive in σZ ≤ 0 to negative in σZ ≥ 0 is interpreted as the change in mechanism from concerted to stepwise with rate-limiting expulsion of the leaving group. The anomalous negative sign of ρZ for leaving groups with electron-withdrawing substituents is interpreted as the intramolecular ligand exchange process of the leaving group from the equatorial position in the intermediate to the apical position in the TS.
Introduction
Phosphoryl transfers from phosphate monoesters and diesters proceed concertedly with a single transition state (TS) 1 or stepwise with a trigonal bipyramidal pentacoordinate (TBP-5C) intermediate. 2 The nucleophile attacks the backside toward the leaving group in most phosphoryl transfers, i.e., the attacking and the leaving groups occupy apical positions [ap(Nu)-ap(Lg)]. However, when the nucleophile attacks frontside toward the leaving group, i.e., when the nucleophile and the leaving groups occupy apical and equatorial positions [ap(Nu)-eq(Lg)], or equatorial and apical positions [eq(Nu)-ap(Lg)], respectively, the configuration is retained.
3 When backside and frontside nucleophilic attacks occur simultaneously, the relative importance of each reaction pathway leads to products with inversion or retention of the configuration, depending on the nucleophile, the leaving group, and the reaction conditions. 3a
In our preceding papers, 4 we reported various aminolyses of phosphate derivatives and proposed a reaction mechanism mainly based on the deuterium kinetic isotope effects and the cross-interaction constants, The purpose of this work is to clarify the mechanism by comparing the reactivities, the selectivity parameters, and the magnitudes of the cross-interaction constants with those obtained in our previous studies.
Results and Discussion
The observed pseudo-first-order rate constants (k obsd ) for all the reactions obeyed eq. (3) with negligible k 0 in MeCN. The second-order rate constants, k 2 , obtained as the slope of the plot of k obsd against pyridine concentrations, [Py], are summarized in Table 1 along with the selectivity parameters. Clean second-order kinetics according to eq. (3) were obtained with no base-catalysis or noticeable side reactions.
The second-order rate constants (k 11 If the rate is proportional to the positive charge on reaction center P, the rate sequence should be (PhO) 2 P(=O)NCS > (PhO) 2 P(=O)Cl > (PhO) 2 P(=O)SPh, inconsistent with the obtained results. These kinetic results imply that the studied reaction system rate does not depend on the magnitude of the positive charge on reaction center P but mainly depend on the leaving group mobility.
In the present work, the rate was faster with a stronger nucleophile, i.e., ρ X < 0, as normally observed for a typical nucleophilic substitution reaction. However, the Hammett plots for substituent (Z) variations in the leaving group (log k 2 vs. σ Z ) were biphasic concave downwards with breaks at Z = H as shown in Figure 2 . Moreover, the ρ Z values were strikingly largely negative, ρ Z = (-0.75 to -2.66), for leaving groups with electron-withdrawing substituents (σ Z 0; Z = H, 4-Cl and 3-Cl), i.e., a better leaving group retards the rate in contrast to normal nucleophilic substitution reactions. The negative slope (ρ Z < 0) may imply either development of positive charge or, alternatively, a reduction of negative charge at the S atom of the leaving group, SPhZ, in the TS. In the case of the reaction of cumyl arenesulfonates [C 6 H 5 C(CH 3 ) 2 OSO 2 C 6 H 4 Z] with X-anilines in MeCN, 12 the ρ Z values gradually decreased from a positive value to a negative value as the nucleophiles got weaker. This rather unusual phenomenon was rationalized by a strong interaction between the nucleophile and the leaving group due to their close proximity in the TS, which in turn was a result of Table 2 . The pyridinolysis of Yaryl phenyl chlorophosphates was proposed to proceed concertedly with an early TS [ap(Nu)-ap(Lg)] in which the extent of both bond formation and leaving group departure is small, based on the small magnitudes of ρ X (= −0.86 to −1.00) and β X (= 0.16-0.18), and small negative ρ XY (= −0.15).
4h In the pyridinolysis of Y-aryl phenyl isothiocyanophosphates, 4j the Hammett plots were biphasic concave upwards for substituent (X) variations in the nucleophile, interpreted as a change in the direction of nucleophilic attack 4j We also reported the reactions of Z-aryl bis(4-methoxyphenyl) phosphates with X-pyridines.
4i With more basic phenolate leaving groups, the mechanism changes from a concerted process with a frontside nucleophilic attack for less basic pyridines 6.14) and β X (= 1.13-1.28)] for frontside nucleophilic attacks. Thus, there is no doubt that the nucleophile attacks frontside toward the leaving group in the present work.
The anomalous negative sign of ρ Z values for the leaving groups with electron-withdrawing substituents can be substantiated on the following basis. In the case of the frontside nucleophile attack, the attacking nucleophile occupies the apical position and the leaving group occupies the equatorial position, [ap(Nu)-eq(Lg)], rather than eq(Nu)-ap(Lg) in a TBP-5C intermediate, 13 since pyridine is less bulky than PhO and/or ZPhS. It can undergo an intramolecular ligand exchange process by Berry-type pseudorotation (or turnstile rotation); 14 the nucleophile occupies the equatorial position and the leaving group occupies the apical position, [eq(Nu)-ap(Lg)], in the TS, eq. (4). (4) For the rate-limiting breakdown of intermediate to products, the overall observed second-order rate constant, k 2 , can be given as follows:
The first term on the right-side of eq. (6) is absolutely positive, so the second term should be large and negative in order to obtain the negative sign on the ρ Z values. When a thiophenolate leaving group with an electron-withdrawing substituent occupies the equatorial position in a TBP-5C intermediate, the π-cloud of the phenyl ring in the "electronpoor" leaving group interacts strongly with the π-cloud of the phenyl ring in the adjacent "electron-rich" phenoxy group by through-space interaction, (1). Thus, the π-electron charge transfer from the phenoxy group to the leaving group with electron-withdrawing substituents occurs effectively and the strong through-space interaction stabilizes the intermediate. In contrast, when a thiophenolate leaving group with an electron-withdrawing substituent occupies the equatorial position in the TS by Berry-type pseudorotation (or turnstile rotation) (eq. 5), the through-space interaction between the π-clouds of two phenyl rings no longer exists. If the decrement of the negative charge in the leaving group due to the Berry-type pseudorotation (or turnstile rotation) is sufficiently larger than the negative charge development in the leaving group due to the leaving group departure, then the negative charge of the leaving group is greatly reduced from intermediate to TS. As a result, the second term on the right-side of eq. (6) has a large negative value and the sign of ρ Z in eq. (6) is negative. This is consistent with rate-limiting expulsion of the leaving group. Thus, when the electronwithdrawing ability of the leaving group is greater, the through-space interaction is stronger, a TBP-5C intermediate is more stabilized, the energy barrier to cross over the TS is greater, the rate is slower, and ρ Z < 0 is obtained. This suggestion is supported by the activation parameters in Table  3 . Activation enthalpy (11.0 kcal) for a leaving group with an electron-withdrawing substituent (Z = 4-Cl) is much larger than that (1.1 kcal) for a leaving group with an electron-donating substituent (Z = 4-Me).
In the case of a leaving group with an electron-donating substituent (Z = 4-Me), if the thiophenolate leaving group occupies the equatorial position in the intermediate, the interaction between the π-cloud of the phenyl ring in the "electron-rich" leaving group and the π-cloud of the phenyl ring in the adjacent "electron-rich" phenoxy group by through-space interaction is so unfavorable that a TBP-5C intermediate with ap(NX)-eq(LZ) can be excluded. Thus, we suggest that the reaction for the poor leaving groups (Z = 4-Me-H) proceeds through a concerted mechanism with a frontside nucleophilic attack followed by a fast intramolecular ligand exchange process to yield products.
The sign of ρ XZ can be positive or negative whether the reaction proceeds through a concerted S N 2 mechanism or a stepwise mechanism regardless of the rate-limiting step. 4 However, the magnitude of ρ XZ is inversely proportional to the distance between the nucleophile and the leaving group in the TS regardless of the sign of the cross-interaction constant. The obtained large magnitudes of ρ XZ (= −0.70 and 0.76) are also ascribed to a frontside nucleophilic attack in which the nucleophile and the leaving group occupy close proximity in the TS. The sign reversal of ρ XZ from positive in σ Z ≤ 0 to negative in σ Z ≥ 0 may indicate the mechanism change from concerted to stepwise with rate-limiting expulsion of the leaving group.
Experimental Section
Materials. Aldrich GR grade pyridines were used without further purification. HPLC-grade MeCN (water content is less than 0.005%) was used without further purification. O,O-Diphenyl Z-S-phenyl phosphorothiolates were prepared by the following single step reaction. Diphenyl chlorophosphate was reacted with Z-substituted thiophenol for 6-12 hours in the presence of triethylamine in methylene chloride on an ice bath with constant stirring as reported. 
. Kinetic Measurements. Rates were measured conductometrically as described previously.
3 For the present work, [substrate] = 1 × 10 -3 M and [Py] = 0.1-0.5 M were used. We tried at least five concentrations of pyridines. Pseudo-firstorder rate constant values were the average of three runs that were reproducible within ± 3%.
Calculation. The B3LYP/6-311+G(d,p) 10 geometries and NBO charges of O,O-diphenyl S-phenyl phosphorothiolate and diphenyl isothiocyanophosphate in the gas phase were calculated by using super computing center IBM system in KISTI. 
